Objective-Altered venous biomechanics may contribute to the pathogenesis of venous diseases, and their heritability is less known.
C hronic venous disease (CVD) is one of the most common cardiovascular disorders in Northern and Western Europe; however, the causative factors predisposing individuals to the disease are still under investigation. Age, sex, obesity, and family history were found to be major risk factors for CVD. [1] [2] [3] Altered venous biomechanics may also contribute to the pathogenesis of venous disease. 4, 5 Twin studies have been extensively used to characterize the interaction of genetic and environmental factors on cardiovascular phenotypes. 6, 7 A CVD twin study reported 84% phenotypic concordance between monozygotic (MZ) twins, compared with only 39% between dizygotic (DZ) twins. 8 Fiebig et al 9 evaluated the relative genetic and environmental impact upon CVD risk by estimating the heritability of the disease in 4033 nuclear families, comprising 16 434 individuals from all over Germany. The heritability of CVD proved to be high, thereby suggesting a notable genetic component in the pathogenesis of the disease. 9 Altered venous biomechanics may be a predisposing phenotypic factor for the development of this disease. However, the level of genetic determination of venous biomechanics is less known. Brinsuk et al, 10 using the impedance plethysmography technique in a twin study of 46 twin pairs, found that both venous compliance and venous capacity are substantially influenced by genetic factors. No previous attempts, however, to reveal the heritability of venous elasticity have been done, when using more accurate ultrasonographic techniques and making the venous elasticity measurements in different postures and under controlled pressure changes. [11] [12] [13] The present study was done to differentiate between inherited and environmental factors in venous biomechanical phenotype by comparison of MZ and DZ twins. The aim of our present work was to evaluate the heritability of in situ static and dynamic venous biomechanics.
Materials and Methods Subjects
A total of 102 twin pairs were enrolled: 78 MZ twin pairs (112 women and 44 men, aged 42.4±16.8 years, mean age±SD) and 24 same-sex DZ twin pairs (36 women and 12 men, aged 50.5±16.1 years, mean age±SD). Subjects were recruited as part of the International Twin Study 2009 project. A sample of healthy twins aged >18 years and living in Hungary was measured at 2 large hospitals in Budapest in 2009 and 2010. We used a multiple self-reported question approach to assess zygosity suggested by Heath et al. 14 The most likely zygosity was assigned based on the 7 self-reported responses. 14 First-born (twin A) and second-born (twin B) members of the twin pairs were identified. Exclusion criteria were pregnancy, medical conditions possibly interfering with compliance during examination (eg, unable to carry out Valsalva test, unable to keep the supine or erect body position), and acute infection within 3 weeks of measurement. All subjects were asked to refrain from smoking 3 hours, eating 1 hour, and drinking alcohol and coffee 10 hours before their visit.
The subjects' written informed consent was obtained before study entry, and the program was approved by the ethical commissions of the cooperating institutes.
Study Protocol
Physical examination included blood pressure measurement, heart rate, and observation of superficial leg veins and potential symptoms of CVD. Anthropometric parameters, such as height and body weight, were also recorded.
Anteroposterior and mediolateral diameters of the common femoral vein at both sides were measured by ultrasonography (Toshiba Power Vision and Esaote My Lab; 5-10 MHz linear array probes). The image resolution (0.1 mm) provided by the high-frequency probes is sufficient to track diameter changes with >1% accuracy. Identification process of the veins consisted of a compression test (light pressure exerted with the transducer on the femoral vessels) and venous flow measurement, including distal compression test. Compression of the veins with the transducer was avoided during diameter measurements. The diameters of common femoral veins were measured 1 cm above the junction of the great saphenous vein. Measurements were made both in the supine and in the standing body positions, with or without controlled forced expiration (Valsalva test). The Valsalva test was performed with the nose clipped; the patients were asked to produce a forced expiration while holding a tube in their mouth connected to an electromanometer until the requested pressure was reached and maintained. Valsalva pressures of 0 and 60 mm Hg were applied. Stable venous diameters were reached in ≈3 to 4 seconds. The monitor image was frozen in the fourth to sixth seconds of Valsalva, and in each case, both anteroposterior and mediolateral diameters were measured. We considered it important to measure both anteroposterior and mediolateral diameters at all pressures and body positions because the shape of veins may change with increase in pressure. It was also important to make the measurements both in the reclined and in the erect body positions. Minimum venous pressure is at no Valsalva in the reclined position. From the pathological point of view, however, the erect body position is more relevant, and maximum possible venous pressures can be reached with Valsalva and in the erect position. Venous pressure in large veins equilibrates quickly with the applied Valsalva pressure. When computing the distensibility, it was supposed that pressure in these large veins, located not too far from the affected body cavities, is approximately identical (plus gravitation effect in the erect body position) with controlled Valsalva pressure. This approach seems to be justified because some direct clinical measurements demonstrated an effective pressure equilibration among distant large veins. [15] [16] [17] Capacity per unit length was computed in such a way that the cross section was considered elliptic and the equation Q = r a r b π was used to compute cross-sectional area (Q), where r a and r b are the 2 radii of the ellipse. Distensibility was defined as D=ΔV/V 0 ΔP, where ΔV is the change in capacity of vessel, V 0 is the initial capacity, and ΔP is the pressure change.
Statistics
Heritability estimates were determined based on the consideration that greater levels of MZ than DZ within-pair similarity indicate a genetic influence on a phenotype, whereas similarity of co-twin correlations suggests that the variance is a result of shared environmental sources. Structural equation modeling was performed by using the Mplus Version 6. 18 Empirical CIs were calculated with a Bollen-Stine Bootstrap. 19 Univariate quantitative genetic modeling was performed to decompose the phenotypic variance of the considered parameters into heritability (A), shared (C), and unshared (E) environmental effects (ACE analysis). 20, 21 The additive genetic component (A) measures the effects because of genes at multiple loci or multiple alleles at 1 locus. The shared environmental component estimates contribution of a common family environment for both twins (eg, familiar socialization, shared womb, air pollution, childhood diet), whereas the unshared environmental component estimates the effects that separately apply to each individual twin (eg, smoking, physical activity) and also accounts for measurement errors. All data were adjusted for age, sex, and body weight. Opposite-sex twin pairs were excluded as their inclusion could bias the heritability estimates upward if sex-specific or X-chromosome effects are present. For age and body weight adjustments, linear normalizations were used. For some selected pairs of phenotypic parameters, a bivariate Cholesky decomposition was carried out to derive the magnitude of covariation between the investigated phenotypes of interest and to estimate what proportion of this correlation is attributable to common underlying genetic and environmental factors. To estimate the amount of overlap between genes or environment that influence the 2 parameters, genetic and environmental correlations between those phenotypes were calculated. P<0.05 was accepted as the significance level of the correlation coefficient. Values of the inherited (A) component >0.3 were considered as evidence of substantial heritability.
Results
Systolic and diastolic pressures and body mass indexes were not different for the MZ and DZ groups (systolic, 128.5±16.8 and 128.2±17.2 mm Hg; diastolic, 75.7±12.2 and 74.8±14.0 mm Hg; body mass index, 25.5±4.9 and 26.1±5.0 kg/m 2 , for MZ and DZ, respectively). Current smoker rate was 16.0% and 17.6% in MZ and DZ twins, respectively.
Anteroposterior and mediolateral diameters and capacity characteristically changed during the study protocol; they dilated as the pressure increased as an effect of altered posture and increased Valsalva pressure ( Figure 1 ).
Femoral vein diameters, capacity, and distensibility showed very high level of parallelism in twin pairs ( Correlations between twin pairs are much higher for MZ twins than for DZs. We computed the ratio of the 2 co-twins ( Figures 1D and 2D ), which was closer to the unit in MZs and was significantly different from those of DZs at all pressure levels.
The correlations between DZ twin pairs were evaluated with and without opposite-sex DZ twin pairs. When opposite-sex DZ twins were omitted, intrapair correlation significantly decreased in case of femoral vein full-distension range. This suggests that some sex chromosome or sexspecific environmental effects on venous biomechanics may be present, but we did not have the statistical power to rigorously test this. Also, for this reason, opposite-sex DZ pairs were omitted. As heritability of body weight is high (82.7% in our sample; Table 1 , first row), age, sex, and weight adjustments were performed while assessing the heritability of venous biomechanics. Parameters characterizing the level of inheritance and environmental effects in forming the geometric and elastic properties of the veins after age, sex, and weight adjustment are shown in the further part of Because weight and the investigated venous parameters showed both sizable and significant phenotypic correlation and heritability, a bivariate Cholesky decomposition model was conducted to investigate a common genetic background of these traits. Table 2 shows standardized genetic, common, and unique environmental components of the covariance in venous capacity at different pressures with body weight that was estimated using the best bivariate Cholesky model. There was a sufficient correlation between femoral vein capacity and body weight without Valsalva both in the reclined and in the erect body positions. The high A values (0.60 and 0.81 for the erect and reclined body positions, respectively) show that there is a substantial inherited component in this correlation. Capacities after Valsalva correlated somewhat less with body position, and any statement on inheritance is rendered uncertain by the high scatter of the estimated 95% CI of the A and E values (data not shown). However, our data make another statement possible on pressurized capacity. There remains a high phenotypic correlation between pressurized and unpressurized femoral vein capacities (0.90 and 0.62, erect and reclined) with a substantial inherited (A=0.57 and 0.44, erect and reclined, respectively) covariance, even after body weight adjustment. Insignificant genetic covariance was found between weight and pressurized femoral vein capacities at 60 mm Hg in reclined position (not shown). However, genetic covariance decomposition is a technique that traditionally calls for larger samples that could produce even more precise results.
Discussion
The specific aim of the present study was to determine the heritability of static and dynamic venous biomechanical properties of the common femoral vein. Twin studies were performed using a combined ultrasonographic technique with controlled Valsalva maneuver. This technique yields direct but noninvasive in vivo geometric and distensibility data of extremity veins in humans in altering body positions. [11] [12] [13] 16 The only previous publication regarding heritability of venous mechanical properties was by Brinsuk et al, 10 who indirectly measured leg vein capacity and compliance using impedance plethysmography on 46 twin pairs.
The major finding of our investigation was that genetic factors are responsible for at least 30% of the biomechanical properties of the common femoral vein at lower venous pressures even after sex, age, and body weight adjustments. The genetic determination of femoral vein capacity was even higher in the erect body position (51.7%). Although these data showed that there existed a weight-independent inherited component of venous capacity, the correlation between 0 mm Hg Valsalva capacity and body weight was substantial, and a bivariate Cholesky analysis ( Table 2 ) also showed that there is a substantial inherited component in the covariance between capacity and body weight. The range of capacity changes (full-distension range) also indicated an age-, sex-, and body weight-independent 36.4% inheritance (Table 1) 15 15-60 0-60 0-15 15-60 0-60  0-15 15-60 0-60 0-15 15-60 With age and weight adjustment, opposite-sex dizygotic twins were excluded. The 95% confidence intervals are in parentheses.
. Capacity values measured with 60 mm Hg Valsalva have shown a very high correlation with values measured without Valsalva even

Table 1. ACE Decomposition of Intra-Twin-Pair Correlations of Some In Vivo Biomechanical Parameters of the Femoral Vein to Show the Contribution of Inherited (A), Shared (C), and Unshared (E) Environmental Components
after age, sex, and body weight adjustment, and this correlation had a genetic (A) component showing a substantial (57% and 44%) genetic influence. In addition, a probable sex influence was found in the heritability of femoral vein full-distension range. The highest level of sex-, age-, and body weight-independent genetic component (A) for any biomechanical parameter was found for femoral vein capacity measured in the erect body position (51.7% [95% CI, 28.0%-72.0%]). This is interesting because this parameter is determined by a complexity of several other parameters, such as the morphological lumen of the femoral vein, its initial distensibility, and also the effectivity of sympathetic orthostatic control. Further Valsalva pressure load (erect, 60 mm Hg), however, reduced inherited component of capacity back to 37.9%, very close to reclined parameters. Another important observation of ours was that the full range of capacity changes (from 0 mm Hg reclined to 60 mm Hg Valsalva erect) has also shown a substantial (36.4% [95% CI, 11.7%-58.0%]) inherited component. This can be a factor in the well-described inheritance of CVDs. We can only theorize what individual components can be responsible for it: intrinsic factors, such as minor genetic variances of connective tissue components of venous wall, and extrinsic (outside the venous wall) factors, such as minor genetic alterations of the renin-angiotensin-aldosterone system, peripheral or central neural mechanisms determining venous tone and affecting the blood volume and body fluid balance, differences in surrounding fascial and musculoskeletal tissues, and so on. The clinically observed thickening of the vessel wall of varicose veins seems to be associated with an increase in thick and disorganized collagen bundles resulting from the imbalance in the synthesis of collagen type I and collagen type III. 22 The responsiveness of veins to adrenergic stimulation is also influenced by genetic factors. 23, 24 The genetic variabilities of the angiotensinogen, angiotensin convertase enzyme, and angiotensin receptor genes have been elaborately analyzed in connection with their potential contribution to the hypertension disease and arterial wall structural changes. [25] [26] [27] Their impact on the geometric and elastic properties of the venous wall and CVD is yet to be analyzed.
In an earlier report, Brinsuk et al 10 determined the heritability of venous function in 46 twin pairs. After a resting phase in the supine position, venous function was determined in both legs by impedance plethysmography. Heritability was estimated using a path modeling approach. Unadjusted heritability was 0.6 (P≤0.05) for venous capacity and 0.9 (P≤0.05) for venous compliance. The heritability estimate for venous capacity decreased to 0.3 after adjustment for age, body mass index, and body fat. The heritability estimate for venous compliance remained essentially unchanged after adjustment for sex and age. 10 Our results confirm her findings on a much larger twin population more diversified in age by using a more direct measurement technique to study in vivo human venous mechanics. In addition, our technique gave a possibility for a separate analysis of geometric and elastic properties and those at different levels of intraluminal pressure. We measured both anteroposterior and mediolateral diameters of common femoral vein at all pressures and body positions to minimize potential error in the computation of venous capacity. However, measuring diameter in only 2 directions can limit the accuracy of capacity computation.
Aging decreases venous distensibility, and similar alterations were found in postthrombotic and thrombophilic patients without clinically proven deep vein thrombosis. 13, 16, 17, 28, 29 Asymptomatic, altered venous biomechanics may be a predisposing factor to symptomatic CVD. Although CVD is relatively common, causal factors predisposing individuals to the pathological dilation, elongation, and tortuosity of the saphenous vein and its tributaries are still poorly understood. A CVD twin study reported 84% phenotypic concordance between MZ twins, compared with only 39% between DZ twins. 8 Fiebiget al 9 determined the heritability of CVD and assessed the relative impact of genetic (familial background, sex) and nongenetic factors (age, body mass index) on CVD risk based on family analyses. Data from a large number of individual index patients and the disease status, age, and sex of their first-degree relatives led them to conclude that the additive genetic component of CVD is ≈17%. They concluded that the heritability of CVD was high, suggesting a notable genetic component in the pathogenesis of the disease. 9 Our present observations give a more detailed information about the role of inheritance in the formation of some venous phenotypic biomechanical components on the base of which CVD can develop.
In conclusion, we demonstrated in a larger sample twin study that venous biomechanical behavior is substantially influenced by genetic factors. Unshared environmental effects account for a moderate-to-large portion of the variance. A moderate genetic covariance exists among certain venous diameter capacities and between weight and certain Table 2 venous diameter capacities. Maximum inherited component was found in the capacity in the erect body position. Altered venous capacity may be a predisposing phenotypic factor for the development of CVD. Venous capacity may be altered before the onset of the symptoms of CVD. Higher intraluminal venous pressure may lead to some degree of venous stasis, which initiates inflammatory process on the venous wall, thus altering the tissue composition and biomechanical properties of the venous wall even at the subclinical stage of different venous diseases. Such can later develop in tortuosity, buckling, varicosis, and chronic venous valvular insufficiency. [30] [31] [32] The substantial genetic influence of venous capacity found in our results may highlight the importance of early screening, detection, and prevention of related venous diseases in highrisk patients. Elucidation of the genes that influence venous biomechanics at different pressures and in different body positions may provide in the future important new insights into the pathophysiology of venous diseases that are associated with altered venous biomechanics. Finally, the results highlight the importance of early screening, detection, and prevention of related venous diseases in high-risk patients.
. Phenotypic Correlations of Certain In Vivo Biomechanical Parameters of the Common Femoral Vein With Body Weight and With Each Other and Results of ACE Decomposition of the Covariance as Determined by the Best Bivariate Cholesky Model
